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a b s t r a c t
The temperature and pressure dependences of the Raman spectrum of the transverse-optical mode of
cubic boron nitride were calibrated for applications to a Raman spectroscopy pressure sensor in optical
cells to about 800 K and 90 GPa. A signiﬁcant deviation from linearity of the pressure dependence is
conﬁrmed at pressures above 20 GPa. At ambient temperature, dv/dP slopes are 3.41(7) and 2.04
(7) cm1/GPa at 0 and 90 GPa, respectively. A polynomial expression is used to ﬁt the pressure–
temperature dependence of the Raman line. The pressure dependence does not signiﬁcantly change with
temperature, as determined from experiments conducted up to 800 K. At 0 GPa, the dv/dP slope is 3.46
(7) cm1/GPa at 800 K. At pressures above 90 GPa, the Raman spectrum of the transverse-optical mode
cannot be observed because of an overlap of the signals of cubic boron nitride and diamond used as the
anvils in the high-pressure cell.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
The study of the vibrational properties of crystals as a function
of temperature, pressure, and composition has a number of
applications in high-pressure science. Raman spectroscopy is a
useful and direct probe of changes in vibrational properties, which
relate to changes in structure and bonding of many materials at
high pressures and temperatures. Experiments using diamond
anvil cells have been important in many studies of crystals and
liquids at high pressure and temperature because these cells
permit not only optical observation of the sample but also in situ
measurement of the sample's physical and chemical properties.
The pressure in the sample chamber of such cells is often deter-
mined indirectly by the shift in the wavenumber of a ﬂuorescence
line of a calibrant, such as ruby, inside the sample chamber.
However, the intensity of the ruby ﬂuorescence decreases rapidly
with increasing temperature. Alternative substances, such as
ﬂuorescence lines of SrB4O7:Sm2þ and Sm:YAG, can be used at
high temperature [1–5], but these pressure sensors are quite
soluble in aqueous ﬂuids [6].
Cubic boron nitride (c-BN) has some outstanding properties,
such as hardness, chemical inertness, high temperature stability,
and high thermal conductivity (e.g., [7–9]). The zinc-blende
structure of c-BN is a face-centered-cubic lattice with space-
group F-43m. The Raman spectrum of c-BN exhibits two intense
lines at 1054 and 1305 cm1 under ambient conditions, corre-
sponding to the Brillouin zone center transverse optical (TO) and
longitudinal optical (LO) modes, respectively. Previous studies
have reported the pressure and temperature dependences of the
frequency shift of the modes (e.g., [10–16]). The Raman line of the
LO mode overlaps an intense Raman line of diamond at pressures
higher than 3 GPa. Therefore, it is difﬁcult to observe the LO line in
high-pressure experiments using the diamond anvil cell. In con-
trast, previous studies [14–16] proposed that the TO mode could
be used as the pressure calibrant in diamond anvil cells under high
pressure and temperature conditions.
Sanjurjo et al. [10] and Kawamoto et al. [14] reported that the
TO mode has a linear dependence of pressure. Recent studies
[15,16] used a polynomial function to ﬁt the pressure dependence
of the TO mode obtained from experiments conducted up to
40 GPa. The difference in the TO mode between the linear and
polynomial functions is small at pressures below 40 GPa. However,
this difference increases rapidly with increasing pressure above
40 GPa [11]. To use the TO mode as the pressure calibration,
therefore, the behavior of the TO mode should be investigated
at higher pressures.
In this study, we used a diamond anvil cell high-pressure
apparatus combined with a Raman spectrometer system to inves-
tigate changes in the Raman line of c-BN. The use of a synchrotron
radiation source made it possible to determine the precise pressure
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from the gold pressure standard in the sample chamber. Herein, we
report on the pressure and temperature dependences of the Raman
line of the TO mode of c-BN, and establish the pressure calibrant
using our data acquired at high pressures and temperatures.
2. Methods
The high-pressure and high-temperature Raman scattering
experiments were performed using a hydrothermal diamond anvil
cell (HDAC) high-pressure apparatus (Foxwood Instruments,
Ithaca, New York, USA). The cell, which had been used for high-
pressure Raman measurements in our previous study [17], was
slightly modiﬁed from the design described in detail by Bassett
et al. [18] The diamonds selected for the anvils showed weak
ﬂuorescence at all experimental temperatures used. This cell
creates a homogeneous temperature ﬁeld in the pressure chamber
but suffers from temperature limitation because diamond begins
to graphitize at temperatures above 1300 K. The sample tempera-
ture was measured using a Type K thermocouple, the junction of
which was placed on the anvils. The two anvils were heated
separately using molybdenum wire heaters. The accuracy of the
temperature measurement was 71.5 1C [18]. The temperature
was controlled by adjusting the power supply. The typical tem-
perature ﬂuctuation during measurements was within 1–3 1C.
The powdered c-BN (99% purity, Showa Denko) was used for the
present Raman measurement. The Raman signal had a small
bandwidth, 8 cm1 under ambient conditions, which indicates
good crystallinity. No ﬂuorescence was observed around the Raman
lines of c-BN. The lattice parameter of this sample measured by the
X-ray diffraction method was a¼3.619(5) Å under ambient condi-
tions. Several transparent grains, around 5 μm in size, of c-BN were
loaded into a 50–100 μm diameter hole drilled into a rhenium
gasket, which was preindented to a thickness of 50 μm. The sample
was sandwiched between pellets of NaCl powder to reduce any
residual nonhydrostatic stresses. Gold powder, which was used as a
pressure calibrant, was mixed with NaCl powder.
The sample was probed employing angle-dispersive X-ray
diffraction, located at the synchrotron beamline, at the BL10XU
of SPring-8 (Japan) [19,20]. The angle-dispersive X-ray diffraction
patterns were obtained on an X-ray charge-coupled device (CCD)
collection system (Bruker) with 10241024 pixels. The distance
between the sample and the detector was 104.92 mm, which was
calibrated using CeO2 standard. A monochromatic incident X-ray
beam with a wavelength of λ¼0.4134 Å was used. The X-ray beam
size was collimated to a diameter of about 10 μm. The observed
intensities on the X-ray CCD were integrated as a function of 2θ to
obtain conventional, one-dimensional diffraction proﬁles. The
diffraction peak positions were determined using a peak ﬁtting
program. The pressure was determined from the unit cell volume
of gold using the equation of state for gold [21]. Although the
pressure values estimated from gold were in general agreement
with those estimated from NaCl used as the pressure transmitting
medium, NaCl was not suitable for the pressure calibrant because
of the phase transition at around 25 GPa.
The unpolarized Raman spectra were acquired using a Seki
Technotron Raman spectrometer system (focal length¼500 mm),
which was installed on the synchrotron beamline, coupled with
a cooled CCD of 1024 pixels for the 225–2840 cm1 spectral range
corresponding to 2.6 cm1 wavelength resolution, using a diode
pumped solid state laser (λ¼532 nm). The calibration for the
wavelength was performed using a neon lamp before measure-
ments. Measurements were carried out in the backscattering geo-
metry of the confocal system using a Mitutoyo long-working
distance objective (M Plan Apo SL 50 ). The spectra were collected
for about 3–5 min. The switching between the Raman spectra and
the X-ray diffraction measurements takes about 1 min without
removing the HDAC. The observed peak positions in Raman spectra
were determined using a ﬁtting of the Gaussian function.
3. Results
Experimental runs were carried out at pressures of up to 90 GPa.
In each run, the sample was compressed to the desired pressure,
and then heated to measure the shift of the TOmode of c-BN at high
pressure and temperature. At each pressure increment, the cell was
screwed to hold the sample pressure and the Raman spectra were
acquired at 300–800 K with decreasing temperature. Typical Raman
spectra are shown in Fig. 1. Two peaks, which corresponded to the
TO mode of c-BN and the LTO mode of diamond, were identiﬁed at
high pressures and temperatures. However, the LO mode of c-BN
could not be identiﬁed, because the intense Raman peak of
diamond overlapped the LO mode in the pressure and temperature
ranges examined in our study. At pressures higher than 90 GPa, the
TO mode of c-BN also overlapped with the Raman peak of diamond.
This indicated that c-BN can be used as the pressure calibrant at
pressures below 90 GPa in diamond anvil cell experiments. Experi-
mental data are shown in Table 1.
Fig. 1. Examples of the observed Raman spectra of c-BN. The observed Raman-
active peaks were from TO modes of c-BN. Intense peaks around 1350 cm1 were
from diamond used as the anvil of the high-pressure cell.
Table 1
Experimental data of the Raman frequency of the TO mode.
P (GPa) T (K) ν (cm1) a (Å) P (GPa) T (K) ν (cm1) a (Å)
5.3(1) 300 1070.4(3) 4.040(1) 7.0(1) 500 1072.6(3) 4.037(o1)
8.3(1) 300 1080.0(1) 4.021(o1) 9.1(1) 500 1077.4(1) 4.024(o1)
9.5(2) 300 1086.6(4) 4.013(1) 7.9(1) 600 1073.2(5) 4.036(1)
12.9(1) 300 1090.1(4) 3.993(1) 9.4(1) 600 1076.0(3) 4.025(o1)
19.0(1) 300 1110.7(7) 3.962(1) 13.8(2) 600 1089.3(4) 3.999(1)
25.6(2) 300 1135.2(4) 3.931(1) 21.8(2) 600 1116.8(3) 3.957(1)
25.7(1) 300 1135.2(2) 3.931(o1) 26.9(1) 600 1128.3(4) 3.934(1)
34.2(2) 300 1159.7(3) 3.897(2) 34.7(3) 600 1157.0(2) 3.902(1)
34.3(3) 300 1161.8(5) 3.897(1) 62.0(3) 600 1223.2(8) 3.814(1)
60.9(6) 300 1228.1(5) 3.813(2) 87.7(8) 600 1286.9(3) 3.753(2)
61.3(8) 300 1234.1(13) 3.812(2) 8.9(1) 700 1070.6(4) 4.033(1)
82.2(8) 300 1284.2(2) 3.761(2) 9.5(1) 700 1072.0(4) 4.029(o1)
83.9(12) 300 1286.1(8) 3.757(3) 10.0(1) 800 1071.6(2) 4.030(1)
5.9(1) 400 1069.3(2) 4.040(1) 14.6(1) 800 1086.9(3) 4.001(1)
8.3(1) 400 1078.7(3) 4.024(o1) 27.2(1) 800 1129.3(5) 3.938(1)
12.9(1) 400 1093.7(5) 3.997(1) 36.0(2) 800 1153.5(5) 3.902(1)
13.2(2) 400 1089.7(4) 3.995(1) 58.7(5) 800 1224.6(9) 3.827(1)
26.6(2) 400 1131.2(7) 3.930(1) 88.7(6) 800 1283.2(5) 3.753(1)
34.7(2) 400 1158.5(3) 3.897(1)
The numbers in parentheses are the errors in the pressure, wave number, and
lattice parameter.
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Previous studies [13,16] investigated the temperature depen-
dence of the width of the Raman line for the TO mode. They
observed that the width depended on temperature at tempera-
tures above 1000 K. In our experiments, a signiﬁcant change in the
width of the Raman line was not conﬁrmed beyond the range of
300–800 K, and this was consistent with the ﬁnding of previous
studies. In contrast, the dependence of the width on pressure was
conﬁrmed in our experiments. The width (full width at half
maximum) of 10 cm1 at pressures below 10 GPa increased up
to 25 cm1 above 80 GPa.
As knowing the precise pressure is necessary to establish a
reliable pressure calibrant, in situ X-ray diffraction measurements
of the samples were made using synchrotron X-rays. Fig. 2 shows
typical X-ray diffraction patterns of the sample. It is conﬁrmed that
most diffraction peaks belonged to gold and NaCl. The diffraction
peaks from c-BN could not be identiﬁed because the volume of c-
BN crystals was too small for the crystals to be detected in our
system. At around 25 GPa, a phase transformation of NaCl from
B1- to B2-type structure was observed. As pressure increased,
a broadening of the diffraction peaks induced by the accumulated
differential stress during compression was observed (Fig. 2).
Therefore, the uncertainty of pressure estimated by the equation
of state of gold increased with increasing pressure. At ambient
temperature, the errors of pressure are 0.1 and 1 GPa at 5 and
90 GPa, respectively. This is consistent with the change in the
width of the Raman line with increasing pressure.
We determined the dependences of pressure and temperature
on the shift of the TO mode using the polynomial expression [15]
vðP; TÞ ¼ v0þaTþbT2þðc0þc1TÞPþdP2 ð1Þ
where T, P, and v0 are the temperature (K), pressure (GPa), and
frequency of the TO mode at 300 K and 0 GPa. The resulting
parameters of the least-squares ﬁt are presented in Table 2. As our
experiments were performed under high pressure conditions, the
parameters of temperature dependence at ambient pressure had
signiﬁcant uncertainties. Therefore, the parameters reported by a
recent study [14] were used. The variation with temperature and
pressure in the measured Raman shift of the TO mode is shown in
Fig. 3. The ﬁtted isotherms are also shown as solid lines.
4. Discussion
A previous study [23] reported that the Raman peaks of c-BN
were likely diminished at high temperature of 1700 K and 9 GPa,
possibly owing to the strong thermal radiation background from
the sample. In contrast, we did not conﬁrm the diminishing of the
TO mode up to 800 K and 90 GPa. This indicated that the TO mode
was a good pressure calibrant at high temperatures in the
diamond anvil cell experiments using the system of the resistance
heaters.
The temperature dependences of Raman lines of c-BN at
ambient pressure have been investigated repeatedly in previous
studies [12–16]. Alvarenga et al. [12] observed the Raman lines at
high temperatures, and reported that the lines shifted linearly
with temperature (Fig. 4). According to further investigations [13],
the shift of the TO mode was found to be nonlinear. Fig. 4
compares the shift of the TO mode among previous studies.
As in the recently reported studies [14,15], the shift was expressed
as the polynomial form. Good consistency for the shift of the TO
mode at temperatures below 1200 K has been conﬁrmed in
previous studies that used the polynomial expression. However,
the difference between results obtained by Herchen and Cappelli
[13] and Kawamoto et al. [14] is signiﬁcant at temperatures higher
than 1200 K. Herchen and Cappelli [13] used two different
techniques for the temperature measurement, where the transi-
tion was at 1230 K. This implies that the uncertainty in the
temperature measurement made by Herchen and Cappelli [13]
might be signiﬁcant. Therefore, we used the parameters of the
temperature dependence reported by Kawamoto et al. [14] to
improve the pressure calibration of the TO mode of c-BN.
The HDAC used in this study has a temperature limitation
around 1300 K, because the diamonds graphitize rapidly at high
Fig. 2. Examples of the observed X-ray diffraction data of the sample. The labels of
the diffraction peaks are as follows: G, gold; and N, B1- or B2-type NaCl. The star
denotes an extra peak from the rhenium gasket. The wavelength of the mono-
chromatic incident X-ray beam was λ¼0.41344 Å.
Fig. 3. Pressure and temperature dependence of the TO mode of c-BN. Solid
diamonds, circles, and triangles denote experimental data of 300 K, 400–500 K, and
600–800 K, respectively. Solid lines are ﬁtted to the data of 300, 600, and 800 K
according to Eq. (1).
Table 2
Parameters of the frequency shift for Eq. (1).
This study Datchi and Canny [15]
v0 1059.3(10) 1058.4
a 0.0220a 9.6103
b 4.91106a 1.5410–5
c0 3.371(70) 3.325
c1 1.19(55)x104 2.22104
d 7.6(10)x103 0.0115
The parameters are given by v P; Tð Þ ¼ v0þaTþbT2þðc0þc1TÞPþdP2, where T
(K) and P (GPa) are temperature and pressure.
a From Kawamoto et al. [14].
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temperatures. As the pressure calibration of c-BN is used at
temperatures below 1300 K in the HDAC experiments, the dis-
crepancy of the temperature dependence of the TO mode at high
temperatures among previous studies is not a serious problem.
Datchi and Canny [15] reported the dependences of tempera-
ture and pressure on the shift of the TO mode. The dependences
estimated by Goncharov et al. [16] were in agreement with those
estimated by Datchi and Canny [15] at pressure below 20 GPa.
The ﬁtting parameters of the polynomial function reported by
Datchi and Canny [15] are given in Table 2. Their small value of c1,
which is in good agreement with that calculated from our data,
indicates that the pressure dependence does not signiﬁcantly
change with temperature (Fig. 3). At ambient pressure, the dv/dP
slopes calculated in this study are 3.41(7) and 3.46(7) cm1/GPa at
300 and 800 K, respectively. In contrast, the difference in the
pressure dependence between the previous studies [15,16] and
our own increases with increasing pressure, because the discre-
pancy of the value of d is signiﬁcant. Fig. 5 shows the pressure
dependences of our and previous studies [10,14–16]. Sanjurjo et al.
[10] and Kawamoto et al. [14] ﬁtted the shift of the TO mode using
the linear function up to 8 and 32 GPa, respectively. At ambient
pressure, the dv/dP slope (3.41 cm1/GPa) calculated in this study
is consistent with the ﬁtted values using the linear function
reported by previous studies [10,14]. Datchi and Canny [15] and
Goncharov et al. [16] ﬁtted the data using the polynomial function
up to 21 and 40 GPa, respectively, and the difference in pressure
between the use of the linear and polynomial functions is small at
pressures below 40 GPa. If these lines are extrapolated to higher
pressures, however, the difference increases rapidly with increas-
ing pressure, and this discrepancy reaches 40 GPa at 1300 cm1,
which is a fatal uncertainty for the pressure calibration. A possible
explanation for this discrepancy is the upper limit for the experi-
mental pressure. Therefore, we performed experiments up to
90 GPa, which is the upper pressure limit in measuring the Raman
line of the TO mode of c-BN, avoiding the overlap of the intense
Raman line from diamond. At 90 GPa, the calculated dv/dP slope in
this study is 2.04(7) cm1/GPa, which is 40% smaller than the
value at ambient pressure. The pressure dependence determined
in our study was an intermediate value between previous poly-
nomial ﬁttings [15,16] and the linear ﬁttings [10,14]. Our study
improved the pressure calibration of c-BN using the polynomial
expression at pressures higher than 40 GPa.
It is known that the polynomial expression has poor extra-
polating properties. This indicates that the use of the polynomial
expression outside the calibration range is less accurate [15].
Therefore, previous studies [15,16] proposed another expression
P ¼ K
a
 
vðP; TÞ
vð0; TÞ
 b
1
" #
ð2Þ
where a and b are parameters, v(0,T) and K are the temperature
dependent wave number of the TO mode and bulk modulus. Fig. 6
shows differences in the wave number shift between ours using
Eq. (1) and values using Eq. (2) at 300 and 600 K. As the pressure
increases, a signiﬁcant difference between our values using the
polynomial expression and those from Goncharov et al. [16] using
Eq. (2) is conﬁrmed. The wave number difference is 10–20 cm1/
GPa at 80 GPa, which corresponds to the pressure difference of
5–10 GPa. Goncharov et al. [16] measured pressure values using
the ruby scale. However, they did not measure pressure during
heating, because the ruby ﬂuorescence could not be observed at
high temperatures. As the uncertainty of pressure was nonnegli-
gible during heating in their experiments, the difference between
their and our values of the wave number increased with increasing
temperature. In contrast, Datchi et al. [22] measured the pressure
values using the ﬂuorescence line of SrB4O7:Sm2þ at high tem-
peratures. Therefore, the difference between our values and those
Fig. 4. Temperature dependence of the TO mode of c-BN. Solid lines denote the
shift of the TO mode as a function of temperature at ambient pressure reported by
previous studies. Squares, triangles, diamonds, and circles denote data from a,
Alvarenga et al. [12]; b, Herchen and Cappelli [13]; c, Datchi and Canny [15]; and d,
Kawamoto et al. [14].
Fig. 5. Comparison of the pressure dependence of the TO mode between this and
previous studies. Lines denote the shift of the TO mode as a function of pressure
using the linear or polynomial expression at ambient temperature except for data
(at 473 K) from Kawamoto et al. [14]. References are as follows: a, Sanjurjo et al.
[10]; b, Kawamoto et al. [14] at 473 K; c, Datchi and Canny [15]; d, Goncharov et al.
[16] and e, this study.
Fig. 6. Comparison of the wave number between two expressions. Lines denote
differences of wave number between the results of Eqs. (2) and (1) of our
polynomial values at 300 and 600 K. Solid, dashed, and dot-dashed lines denote
differences for Datchi et al. [22], Goncharov et al. [16], and our values, respectively.
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from Datchi et al. [22] using Eq. (2) is small up to 80 GPa.
This difference is likely to be related with the differences in the
pressure scale and the calibrated pressure range between our
study and Datchi et al. [22], because the difference between
Eqs. (1) and (2) using our data is negligibly small.
5. Conclusions
We have presented the results of Raman measurements of the
TO mode of c-BN at high pressure and high temperature using the
HDAC high-pressure apparatus. The shift of the TO mode was
observed to about 90 GPa and 800 K. The dependence of the shift
on pressure and temperature indicates that this TO mode of c-BN
can be used as an alternative to the ruby ﬂuorescence technique as
the optical pressure sensor.
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